Allozyme variation in two congeneric sympatric geckos, Gekko tawaensis and G. japonicus, from western Japan was examined. These species show similar densities and spatial arrangements of populations in this region, and their genetic structures are thus expected to have been formed under the influences of comparable geohistorical, environmental, and demographic factors. Results of the analyses, however, revealed strikingly different genetic patterns in the two species. Populations of G. tawaensis invariably showed a remarkably lowered heterozygosity (0-0.017) compared to G. japonicus (0.089-0.124). On the other hand, the genetic heterogeneity among populations is much greater in G. tawaensis (F ST ¼ 0.726) than in G. japonicus (F ST ¼ 0.101). The Mantel test failed to detect any significant correlations between log (estimated migration rate) and log (geographic distance) in either species, or between matrices of interpopulation pairwise F ST for the two species. These results suggest that, in each species, formation of the current genetic structure in western Japan has been chiefly influenced by stochastic factors, rather than the geohistorical architecture of this region. The high F ST and low heterozygosity in G. tawaensis suggest the effects of severe local fragmentation. On the other hand, the relatively low F ST and high heterozygosity in G. japonicus imply extensive gene flow among populations. Absence of significant correlations between the estimated migration rate and geographic distance in G. japonicus may suggest that such gene flow is promoted by human-mediated transport of this primarily house-dwelling lizard. Heredity (2003) 90, 90-97.
Introduction
A number of recent studies have demonstrated that in most, if not all, extant species, populations are genetically structured to some extent. In many of these studies, authors have attempted to specify major causal factors for observed genetic structures in the context of isolation history (Capula, 1996; Nielson et al, 2001) , current status of populations (Reh and Seitz, 1990; Hitchings and Beebee, 1996) , and ecological traits relevant to dispersal ability of the taxa in question (Ramirez and Haakonsen, 1999; Naihong et al, 2000) . However, because population structures of real organisms are actually formed and maintained under the confounding effects of various biotic and abiotic factors, multiple interpretations are often inevitable for the evaluation of relative importance of a particular factor (Bossart and Prowell, 1998) . Such a difficulty can be more or less circumvented by comparing closely related sympatric species sharing most historical and biological attributes (Bohonak, 1999) . Such comparative studies have been made for several groups of marine organisms (eg, Waples, 1987; Planes et al, 1998) , but for only a few terrestrial vertebrates (Matocq et al, 2000) .
Two medium-sized geckos, Gekko tawaensis and G. japonicus, occur sympatrically in lowland areas of western Japan, including southwestern Honshu, Shikoku, northeastern Kyushu, and their adjacent islands. The former species is endemic to these areas, whereas the latter species occurs also in central and eastern Honshu, the remaining part of Kyushu, and eastern part of continental China as well (Shibata, 1983) . Results of field observations and published information (HAPSE, 1996; Okada and Toda, 1998) , indicating their comparable high population densities in suitable habitats and relatively low fecundity, suggest that the two species share similar demographic traits. The only prominent ecological difference between G. japonicus and G. tawaensis recognized so far resides in their habitat preferences (Okada and Toda, 1998) . Gekko japonicus is primarily a housedweller and is fairly ubiquitous in the human vicinities in western Japan, although it also occurs in a wide variety of lowland habitats outside urban areas. On the other hand, G. tawaensis is usually abundant in less disturbed habitats, such as natural and semi-natural outcrops, and primary and secondary vegetations in coastal and hilly environments. This species is also occasionally found in suburban environments, where it sometimes occurs syntopically with G. japonicus in the same building (Okada and Toda, 1998) . Nonetheless, because both very and less disturbed landscapes are scattered throughout the lowland area of western Japan, interspersed with each other (JME, 1979) , the pattern of geographic arrangement of populations is expected to be largely comparable between G. tawaensis and G. japonicus in this region.
In this study, we examined patterns and degrees of intra-and interpopulation genetic variations in G. tawaensis and G. japonicus from western Japan by means of protein electrophoresis. Results revealed prominent interspecific differences in these aspects. We discuss possible causal factors of such differential genetic patterns in the two species on the basis of an assumption that geological and demographic factors affecting their population structures are largely comparable.
Materials and methods

Samples analyzed
Sampling of the two Gekko species was carried out at 13 localities scattered almost throughout the whole range of G. tawaensis (Figure 1 ). The latter species was obtained from all sites, while G. japonicus were captured at five of the sites. We also collected G. japonicus from additional four localities in adjacent regions of Honshu and Kyushu ( Figure 1) . As a result, 388 geckos (245 G. tawaensis and 143 G. japonicus) were collected (Table 1) .
These geckos were narcotized to death and dissected to remove livers and muscles. After dissection, the tissue samples were frozen in liquid nitrogen (in the field) or deep freezer (in the laboratory) as soon as possible and then were stored at À851C until electrophoretic assay. Voucher specimens, after fixation in 10% formalin, were deposited in the Herpetological Collection of the Kyoto University Museum, Kyoto.
Electrophoresis
Tissues were minced in approximately equal volumes of distilled water, and the extracts were subjected to horizontal starch gel electrophoresis using a method following Murphy et al (1996) with slight modifications. Variations in 30 presumptive loci encoding 23 enzyme systems and one non-enzymatic protein were screened by use of four kinds of buffer systems. The enzymes analyzed and buffer systems employed were listed in Toda et al (2001a) . Notations of presumptive loci and alleles followed Toda et al (1997) .
Analysis
In order to estimate the degree of within-population genetic variabilities, we calculated mean number of alleles per locus (A), proportion of polymorphic loci (P: 99% criterion), and mean expected heterozygosity (H exp : Nei, 1978) for each sample. To evaluate the Workman and Niswander (1970) . We also calculated Nei's (1978) unbiased genetic distance and Rogers ' (1972) distance for all pairwise comparisons of the conspecific samples. Phylogenetic trees were inferred on the basis of the latter measure using the neighbor-joining (NJ) method (Saitou and Nei, 1985) . All population genetic indices were calculated using BYO-SIS-1 (Swofford and Selander, 1981) and the phylogenetic analysis (NJ) using Saitou's original program. From the F ST values, we further calculated migration rates (M) in pairwise comparisons of local samples within each species using the formula of Wright's (1931) , and the Mantel test was performed by 10 000 permutations to determine significance of correlation between the log (M) and log (geographic distance) among samples (Slatkin, 1993) using the Arlequin ver. 2.000 (Schneider et al, 2000) . For quantification of geographic distance between local samples, the following two measures were used: (1) linear distances ignoring the possible obstacles to gene flow, such as the sea and areas higher than 600 m above sea level where the geckos do not usually occur (Okada and Toda, 1998 , unpublished field observations) (LGD); and (2) minimum distance by avoiding such obstacles (AGD). Values for AGD can thus be obtained only for pairs of samples from the same land mass, and we actually calculated them only for samples of G. japonicus and G. tawaensis from Honshu and Shikoku, respectively. In this analysis, we were concerned with geographic patterns of possible gene flows rather than the absolute estimates of migration rates. The Mantel test was also performed to determine the significance of the correlation between the pairwise F ST matrices of the two species obtained on the basis of samples from five localities where both species were collected ( Figure 1 ).
Results
Within-population variation
Nineteen and six presumptive loci were found to be polymorphic within G. japonicus and G. tawaensis, respectively. The sample of G. japonicus from Innoshima showed an extremely high percentage of polymorphic loci (53.3%: 16 out of 30) compared to the remaining conspecific samples (26.7-36.7%). This is mainly because of the presence of rare alleles at five out of the 16 polymorphic loci that are unique to the Innoshima sample within G. japonicus but are common to all G. tawaensis samples. Such an allelic pattern strongly suggests introgression from G. tawaensis to G. japonicus in this locality. In the preliminary survey, we detected several possible F 1 hybrids that possess marker alleles of both species heterozygous for all possible diagnostic loci (details to be reported elsewhere), and this circumstantially supports the above assumption. We thus excluded those rare alleles from the Innoshima sample of G. japonicus, and recalculated allele frequencies and other population genetic indices of this sample for further comparisons.
The three indices of within-population genetic variabilities, P, A, and Hexp, for samples of G. japonicus and G. tawaensis are presented in Table 2 . Samples of G. japonicus collectively showed high values of P and Hexp (26.7-36.7 and 0.089-0.124, respectively), whereas samples of G. tawaensis showed much lower P and Hexp values (0-6.7 and 0-0.018, respectively). In the latter species, each of the Takamatsu, Tawa, Suzaki, Ashizurimisaki, and Shimoaso samples did not show any variation at all, and three other samples (Wakayama, Awajishima, and Saganoseki) showed only negligible variation that stems from the heterozygous possession of a rare allele at a single locus by a single individual. Even in the remaining five samples of G. tawaensis, polymorphisms were found at no more than two loci. Though less prominent, the genetic variability as expressed by A was also higher in the G. japonicus samples (1.2-1.4) than in the G. tawaensis samples (1.0-1.1).
Among-population variation
Contrary to the remarkably higher intrapopulation genetic variabilities in G. japonicus, they showed relatively low levels of among-population genetic differentiation. Although F ST values calculated for all nine samples of G. japonicus were significantly higher than zero at eight out of 14 polymorphic loci (Table 3) , all samples shared an identical allele at all loci examined and the mean value of F ST was relatively low (0.101). In G. tawaensis, on the other hand, allele frequencies at the Pgm-1 locus were highly heterogeneous among samples, with fixed differences being present between several combinations of local samples (Appendix). Mean F ST value calculated for the 13 G. tawaensis samples was very high (0.726).
Nei's genetic distance values (D) obtained between samples of G. japonicus were 0-0.031 (x ¼ 0.009), whereas those between samples of G. tawaensis were 0-0.034 (x ¼ 0.014). For samples from the five localities where both the species were collected (Figure 1 ), average D Correlation between genetic and geographic distances among local samples was obscure in each species. This is especially true for G. tawaensis, in which fixed allele difference at Pgm-1 was observed even between samples from neighboring localities (Suzaki vs Ashizurimisaki), but no allele frequency differences were recognized between some geographically distant samples (eg, Hofu vs Ashizurimisaki, and Takamatsu vs Shimoaso). The Mantel test did not detect any significant correlation between matrices of log M and log LGD or log AGD in either species (with LGD and AGD as distance measures, P40.140 (n ¼ 13) and P40.240 (n ¼ 7) for G. tawaensis, and P40.439 (n ¼ 9) and P40.692 (n ¼ 5) for G. japonicus, respectively). The procedure also failed to detect significant correlation between the pairwise F ST matrices for the five sympatric samples of the two species (P40.084 (n ¼ 5)).
The contrasting patterns of geographic genetic variations in G. tawaensis and G. japonicus were also prominent in the NJ trees (Figure 2) , which showed different topologies with respect to sympatric samples from the five localities. There was no evidence of a relationship between geographic and genetic patterns in either tree. The tree for the G. tawaensis populations is of an unusual shape, being more like a line rather than a tree (Figure 2a ). This seems to be attributable to the predominance of the frequencies only of the two alleles at one locus (Pgm-1) in their whole variability, because in this 'linear' tree, populations monomorphic for the separate alleles occupy both ends and those polymorphic at this locus fall midway between them.
Discussion
Population structures in G. tawaensis and G. japonicus The present results revealed that the western Japanese populations are genetically structured in both G. tawaensis and G. japonicus, but that patterns of genetic structures are quite different between the two species. At the within-population level, samples of G. tawaensis collectively showed low Hexp values (0-0.018), whereas those of G. japonicus showed much higher Hexp values (0.089-0.110). In contrast, among-population genetic heterogeneity was very high in G. tawaensis (F ST ¼ 0.726), whereas much lower in G. japonicus (F ST ¼ 0.101). In Table 4 , we list values of the average heterozygosity and F ST estimated from multi-locus allozyme data for populations of various other reptiles by previous authors. It is likely from this table that the heterozygosities within populations of G. tawaensis and G. japonicus represent some of the lowest and highest values described for reptiles, respectively. Conversely, F ST values for these two species are nearly highest and lowest, respectively, among reptiles so far studied.
It is well substantiated that population structuring has often been induced by geographical and geohistorical isolations of local populations (Slatkin, 1985) , and thus within-population genetic variation can vary depending on the insularity of populations (Gorman and Nevo, 1975) . However, because most samples of the two species dealt with in the present study were from identical or contiguous localities, such a geographic factor does not seem to be responsible for the contrasting genetic patterns between G. tawaensis and G. japonicus. The absence of prominent geographically patterned population bifurcation also implies that geohistorical architecture of the study area has played little role, if any, in the formation and maintenance of the observed population structures in either species. Gorman et al (1977) and Nevo and Beiles (1991) , in the review of published data for genetic variability in reptiles and amphibians, argued that the main factors associated with levels of heterozygosity are habitat types (eg, fossorial, terrestrial, or arboreal) and life zones (eg, tropical, temperate, etc) at gross levels. However, these factors can be also excluded in the present case, because of the identity of habitats of the two species on these criteria.
Population structuring can also be induced solely by local population subdivisions owing to finite dispersal ability of individuals that prevent panmixing genetic exchanges throughout a given area (Slatkin, 1993) . In this case, stochastic evolutionary forces (ie, mutation and drift) would act as major causes of population structur- Genetic variation in two Japanese geckos M Toda et al ing, and so the geographic pattern of genetic differentiation would not necessarily be compatible between two sympatric species. If this was the case here, the differential patterns of intraspecific genetic variation between G. tawaensis and G. japonicus could be attributable to the difference in their interpopulation migration rates. In the following sections, we extend our consideration along this line to seek possible causes for the characteristic genetic patterns in G. tawaensis and G. japonicus in western Japan separately.
Low genetic variability in the populations of G. tawaensis The remarkably high F ST value for G. tawaensis (0.726) suggests a severe restriction of gene flow among subdivided populations. This is compatible with the extremely low genetic variability in each of them (see Results), because such a genetic depauperation at withinpopulation level can be caused by small effective size of populations. Many examples for such a severe genetic depauperation have been documented not only for small island populations (Gorman and Nevo, 1975; Capula, 1996) , but also for mainland populations that have undergone some extent of habitat fragmentations (eg, MacCulloch et al, 1997; Sjogren-Gulve and Berg, 1999) . Our results thus suggest that G. tawaensis is genetically fragmented into many populations occupying small patches. The result of the Mantel test that indicates lack of significant negative correlations between expected migration rates and geographical distances in this species also supports the above view. If gene flow among subdivided populations was not highly restricted, this would have led to the isolation-by-distance pattern, in which neighboring populations show close genetic affinities than geographically distant populations. On the other hand, when gene flow is more restricted, subdivided populations would genetically diverge from each other irrespective of their geographic arrangements (Slatkin, 1985) . One may argue that this is not necessarily true for the present result since the absence of significant correlations in G. tawaensis may have stemmed from standard error in the estimated gene flow rates. However, the view is further supported by the fixed differences at Pgm-1 even between the neighboring populations in G. tawaensis (Appendix).
The present result further suggests that the possible local fragmentations have been initiated relatively recently. All of the populations of G. tawaensis examined share identical fixed allele at a huge proportion of loci. Moreover, only two alleles are found at the sole highly polymorphic locus, Pgm-1, at which many local populations are fixed for one or the other allele, apparently irrespective of their geographical allocations (Appendix). This cannot be easily explained by assuming long-term local isolation, because this would lead to fixation of populations to various different alleles under the effects of the mutation and drift (Slatkin, 1985) . It is likely that the highly localized genetic subdivision in G. tawaensis has been driven by recent environmental alterations.
Relatively high genetic similarity among populations of G. japonicus In contrast to G. tawaensis populations, those of G. japonicus contain a large amount of within-population genetic variation (Table 4) . This, along with the low level of among-population genetic differentiation (F ST ¼ 0.101), suggests that there are substantial genetic exchanges over a broad area in this species. However, the result of the Mantel test did not support the presence of distancedependent gene flow. G. japonicus chiefly occurs in urban environments, and is very liable to have opportunities for frequent dispersals by human-mediated transport, like some other house-dwelling geckos (eg, Hemidactylus frenatus and Lepidodactylus lugubris : Gibbons, 1985; Ineich, 1999) . Because traffic networks have been highly developed in most parts of western Japan (even between separate islands), frequent human-mediated dispersals of G. japonicus without prominent distance effects are rather likely. We thus postulate that such 'stochastic' migrations are responsible for the formation of the observed genetic pattern in G. japonicus.
Even if the human-mediated dispersals have actually played an important role in the formation of the current genetic pattern in G. japonicus, it does not necessarily mean that the species outperforms G. tawaensis in its own dispersal ability. Significant F ST values at several loci suggest that the ability of G. japonicus for long-distance dispersals is rather low. Therefore, it seems to be safer to assume that the primary cause for the striking difference in population structuring between G. japonicus and Calculated from the allele frequency data.
Genetic variation in two Japanese geckos M Toda et al G. tawaensis lies in their differential associations with human activities. Present results suggest that the recent human activities have affected in different ways the formations of current patterns of genetic variation in the two sympatric geckos. Nevertheless, when and where such genetic alterations had initiated remain uncertain. In addition, it may be also possible to assume that the high within-population genetic variability in G. japonicus actually represents a non-equilibrium state, reflecting a past allopatric genetic divergence and subsequent progressive gene mixing by human transport. Such a condition would make it even more difficult to specify spatio-temporal factors responsible for the formation of the observed genetic patterns in this species. A number of recent studies have resolved such difficulties by analyzing variation in mtDNA, which provides degrees of divergences between haplotypes (eg, Cunningham and Moritz, 1998; Paulo et al, 2001) . Thus, it is desired to test our hypothesis presented here by these approaches. 
